We prepare a quasi-2D gas of argon atoms confined in a planar matter waveguide in close vicinity (,1 mm) of a reflecting surface. The (anti-)nodes of a far off resonant standing light wave in front of the surface provide a confining potential for the atomic motion normal to the surface. A cloud of cold atoms that approaches the surface is compressed by deceleration in an evanescent field and loaded predominantly into one single potential well close to the surface by optical pumping. The spatial density achieved is more than 100 times higher than the density of the approaching atoms.
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The physics of two dimensional systems has been of great interest for several decades. The most prominent examples for the case of electrons might be the integer and fractional quantum Hall effects [1] . Neutral systems in cryogenic environments involve thin He films [2] and spin polarized atomic hydrogen [3] .
Since the advent of laser cooling and trapping techniques [4] , dilute atomic gases can be prepared at temperatures in the mK range and, in combination with evaporative cooling, Bose-Einstein condensation was observed in those systems [5] .
Over the last few years, several schemes for the preparation of laser cooled atomic quasi-2D gases close to a surface have been proposed that use optical [6] [7] [8] as well as magnetic potentials [9] . In analogy to optics the confining potential is often called a planar waveguide for atoms. Linear waveguides for atoms have been demonstrated using hollow fibers and laser beams to provide a radially confining potential [10] [11] [12] .
An evanescent Sisyphus cooling mechanism was used to prepare a laser cooled gas of atoms in a layer of down to 20 mm thickness above a surface [13, 14] .
Low dimensional gases are discussed as candidates for high density samples of purely optically cooled atoms, as the reabsorption of scattered photons which limits phasespace density in 3D is greatly suppressed [15] [16] [17] . On the other hand, by structuring a planar waveguide field laterally the atom optical analog of integrated optics is within reach.
In this Letter we report on the preparation of a quasi-2D gas of atoms in the sense that only a few (typically on the order of 5) discrete bound states normal to the surface are provided by the confining optical potential of the planar waveguide. This restricts the spatial extension of the gas to only a few hundred nm. We populate a single potential well in a far off resonant red or blue detuned standing light wave above a surface. We load this planar waveguide from an atom cloud that is released from a magneto-optical trap (MOT). The atoms are slowed down and optically pumped in evanescent fields. We observe lifetimes of up to 150 ms in this waveguide at a red detuning of 1.5 nm from resonance. We trap up to 10 3 atoms which corresponds to a density of 10 9 cm 23 . The experimental realization that is shown in Fig. 1 (b) relies on two metastable states in the level scheme of argon as depicted in Fig. 1(a) , as is similar in [18] . The atoms are trapped and cooled in a MOT which operates on a closed transition between the metastable state 1s 5 ͑J 2͒ and the state 2p 9 ͑J 3͒. Upon release, the atoms fall towards a gold coated prism surface. The gold layer is optimized for the optical excitation of surface plasmons [19] which resonantly enhance the evanescent fields on the vacuum side of the interface [20] . We create an evanescent field with one laser that is blue detuned from the MOT transition. The repulsive optical potential slows down the released atoms close to the surface ("deceleration laser"). A second laser generates another evanescent field overlayed with the first one that provides for the transfer from 1s 5 to 2p 4 ͑J 1͒ ("transfer laser"), from where the atoms decay to the second metastable state 1s 3 ͑J 0͒ with a probability of 56%. 42% of the atoms are lost to the electronic ground state, and another 2% return to the 1s 5 state [21] . A third laser beam is reflected at the gold surface and builds up a standing light wave ("waveguide laser"). The waveguide laser is operated at up to 2.0 nm detuning from the transition between the states 1s 3 and 2p 4 and traps the optically pumped atoms. Ideally, the laser parameters are chosen such that the probability for optical pumping reaches its maximum at the classical turning point 0031-9007͞98͞81(24)͞5298(4)$15.00 © 1998 The American Physical Society of the falling atoms, and that this point coincides with the minimum of the waveguide potential well (see Fig. 2 ). The detection of atoms is performed similar as in [22] by conversion of the metastable atoms into electrons on the gold coated prism surface [see Fig. 1(b) ]. The surface is set to a potential of U 27.5 kV and rejects the electrons into an electrostatic lens system that images them onto a multichannel plate (MCP) with resistive anode encoder (RAE). The overall temporal resolution is better than 20 ms, and the spatial resolution is limited to 100 mm.
We use a calibrated CCD camera which allows us to determine from fluorescence measurements the number of atoms in the MOT as well as the width of the atomic cloud before and after release. Based on these data we calibrate the detection efficiency of the MCP detector to be ͑2.7 6 0.7͒%. The efficiencies for 1s 5 and 1s 3 atoms are assumed to be equal.
To load the MOT a beam of metastable argon atoms is produced in a discharge source and decelerated by the Zeeman slower technique. We prepare an ensemble of 2 3 10 6 atoms in a MOT 6 mm above the surface and subsequently cool them further in a s 1 -s 2 optical molasses to a temperature of 23 mK. A typical, Penning collision limited density in the MOT is 1.0 3 10 9 cm 23 , and 6.7 3 10 6 cm 23 after the expansion before the atoms hit the prism.
The deceleration of the falling cold atoms is done with light from an injection locked high-power laser diode that is blue detuned from the 1s 5 $ 2p 9 transition by 670 MHz. The 1͞e 2 radius at the prism is 0.67 mm, and the intensity for loading the waveguide is 1.4 W ͞cm 2 . The deceleration laser beam as well as all other laser beams strikes the surface at an angle close to 45 ± , such that one axis of the spot is enlarged by a factor of p 2. The gold layer thickness of ͑46 6 3͒ nm, a 1͞e decay length of the evanescent intensity of ͑316 6 2͒ nm, and an intensity enhancement compared to the incident laser beam of 55 6 3 is determined from the reflectivity as a function of the angle of incidence [19] . To investigate the evanescent field in situ, we perform bouncing experiments [23] . We observe atoms after two consecutive bounces and the loss of atoms agrees with the losses due to the nonvanishing transverse velocity and residual photon scattering. We infer that the atoms are reflected at the evanescent dipole potential and approach the surface to within a few hundred nm at their classical turning point.
To perform the optical pumping, another surface plasmon resonance is excited with the transfer laser. Atoms that approach the surface are exposed to the maximum transfer laser intensity in the classical turning point, where the vanishing velocity also results in a long exposure time. Together with the short decay length of the evanescent field, this leads to high spatial selectivity of the transfer process.
The laser light for the transfer process at 715 nm is extracted from a liquid nitrogen cooled external grating diode laser that is stabilized with optical double resonance spectroscopy [24] to the 1s 5 $ 2p 4 transition. The 1͞e 2 radius at the prism is 0.63 mm, and the intensity is 26 mW͞cm 2 . The decay length is ͑240 6 2͒ nm for this evanescent field, and the enhancement factor is 37 6 1.
From two series of transfer experiments that are performed with blue and red detuning of the deceleration laser, we infer that more than 64% of all transferred atoms are transferred in the range of the evanescent fields.
We trap these properly transferred atoms in a standing light wave that is generated by a single mode Ti:sapphire laser. The 1͞e 2 radius at the location of the prism is 0.70 mm, and the intensity is 47 W͞cm 2 . We calculate that the standing light wave pattern of l͞ p 2 periodicity is shifted by 23 nm towards the prism compared to a perfectly conducting surface.
To perform the waveguide experiment, we load the MOT, release the atoms, and switch on the blue detuned deceleration laser, the transfer laser, and the waveguide laser to begin loading the waveguide. The waveguide laser is switched with an electro-optic modulator in less than 100 ns. All other lasers are switched with mechanical shutters. The loading phase is stopped when either the deceleration laser or the transfer laser, or both, are switched off. The storage phase ends when the waveguide laser is switched off. The atoms in the waveguide are thus released and detected upon impact on the surface. The signal in the time-of-flight (TOF) spectrum [see Fig. 3(b) ] appears within 20 ms after the waveguide laser is switched off and has a width of about 50 ms. No signal is observed for a red detuned deceleration field. To obtain the number of stored atoms, we integrate the signal over 100 ms and subtract the corresponding count number from a run with the waveguide laser off. From simulated TOF spectra, it is observed that within the first 100 ms after release from the potential wells closest to the surface only the atoms with a velocity component towards the prism are detected. Hence, we multiply the atom number that is obtained with the detector calibration with a factor of 2 which is experimentally verified below. An important check of the experimental scheme is to probe the spatial selectivity of the loading process. For red detuning of the waveguide laser, the second antinode of the standing light wave, which is separated by 820 nm from the surface, is expected to be predominantly occupied (see Fig. 2 ). To verify this, we apply another evanescent laser field at the same detuning and comparable intensity as the waveguide field ("depletion laser"). For this, we reuse a variable fraction of the reflected waveguide laser power to excite another surface plasmon resonance for 400 ms before both lasers are switched off. The dipole potential of the evanescent field is attractive and lowers the first potential hill; hence the first populated potential well is selectively depleted immediately after switching on the depletion laser (see thin line in Fig. 2 ). The polarizations of the depletion and the waveguide laser are orthogonal. Because of the large detuning, spontaneous emission can be neglected. The 1͞e 2 radius of the depletion laser is 0.65 mm. The decay length of the evanescent wave is ͑325 6 5͒ nm, and the enhancement factor is 52 6 1. Figures 3(a) and 3(b) show typical TOF spectra, with the depletion laser on and off, respectively. The quantity N dep ͑͞N ref 2 N res ͒ averaged over all measurements with nonvanishing depletion laser intensity is 1.9 6 0.1 (the N are the count numbers of the respective peaks). This is in good agreement with the factor of 2 assumed above for the waveguide TOF signals.
In Fig. 3(c) , the measured quantity N dep ͞N ref is shown as a function of intensity of the depletion laser at a red detuning of 325 pm, in fractions of the incident intensity of the waveguide laser. At 50% of the waveguide intensity, N dep ͞N ref 1.5 , which means that the first populated potential well contains at least 75% of all atoms stored in the periodic potential structure. Figure 2 is plotted to scale for the center intensities, with the enhancement for the depletion laser. Note that the potential wells farther away from the surface are hardly affected by the depletion laser.
For blue detuning of the waveguide and depletion laser, the peak from the depletion laser is missing. The peak from residual atoms is lowered compared to the reference peak as the optical potential of the depletion laser is repulsive and pushes atoms away from the surface.
After loading times of 15 ms and immediate switchoff, we find N ͑0.7 6 0.2͒ 3 10 3 trapped atoms for a red detuning of 325 pm and N ͑1.3 6 0.4͒ 3 10 3 atoms for a blue detuning of 170 pm. Only 1% of the initial atom number is properly pumped into the 1s 3 state, and 5% of them are stored in the waveguide. We attribute the latter to the expected finite efficiency [8] , residual deviations from the optimum transfer conditions, and Penning collisions.
To calculate the density, we assume a 1͞e 2 thickness of the waveguide of l͞ p 2, an atom number of 0.75 3 N in the single well, and determine the width of the spatially resolved arrival distribution of the atoms that were trapped in the waveguide, assuming a Gaussian distribution in the waveguide, which is consistent with the data. For the red detuned waveguide, the 1͞e 2 width corresponds exactly to the 1͞e 2 radius of the waveguide laser. The blue detuned waveguide is slightly broader. From these data, we calculate a center density of n 0 ͑0.7 6 0.2͒ 3 10 9 cm
23
for red detuning and n 0 ͑0.9 6 0.3͒ 3 10 9 cm 23 for blue detuning. We observe evidence of density limiting processes due to Penning collisions. This reproduces the initial density in the MOT and is more than a factor of 100 larger than the density before the compression at the surface.
We perform lifetime measurements on the atoms stored in the waveguide. For each detuning of the waveguide laser, we vary the storage time, record the number of atoms, and fit an exponential decay to the data.
The resulting lifetimes are shown in Fig. 4 . The data on the red side are in good agreement with losses due to photon scattering on the open 1s 3 $ 2p 4 transition (see line in Fig. 4) . The lifetime on the red side reaches a maximum of 150 ms at a detuning of 1.5 nm. At this detuning, the optical potential has a depth of 36 mK and a number of six bound states. For large detunings, tunneling out of the shallow potential well becomes the dominant loss mechanism. On the blue side, the detuning dependence is by far less pronounced, since the dominant loss mechanism is due to the lack of transverse confinement. The time scale agrees with a simple ballistic model for transverse expansion.
In summary, we prepare a quasi-2D gas of laser cooled atoms in a planar matter waveguide. It consists of a selectively populated potential well in a far off resonant standing light wave that is loaded by optical pumping in an evanescent field. This waveguide is located 820 nm above the reflecting surface in the case of red laser detuning. The spatial density is compressed by more than a factor of 100 in a loading time of 15 ms.
As a next step, we plan to move the MOT into the immediate vicinity of the surface by reflecting the MOT laser beams off the surface and applying the deceleration laser to prevent the atoms from touching it. This magneto-optical surface trap [25] will allow us to load the waveguide continuously as the atoms in the final state are spinless and therefore insensitive to magnetic fields.
We plan to use laterally structured light fields to integrate 2D atom optical elements together with the source and the detection zone on one surface. Such a realization of integrated atom optical elements would be extremely versatile, since the light fields can be structured, reshaped, and time modulated easily.
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